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MedakaThe lateral line system displays highly divergent patterns in adult teleost ﬁsh. The mechanisms underlying
this variability are poorly understood. Here, we demonstrate that the lateral line mechanoreceptor, the
neuromast, gives rise to a series of accessory neuromasts by a serial budding process during postembryonic
development in zebraﬁsh. We also show that accessory neuromast formation is highly correlated to the
development of underlying dermal structures such as bones and scales. Abnormalities in opercular bone
morphogenesis, in endothelin 1-knockdown embryos, are accompanied by stereotypic errors in neuromast
budding and positioning, further demonstrating the tight correlation between the patterning of neuromasts
and of the underlying dermal bones. In medaka, where scales form between peridermis and opercular bones,
the lateral line displays a scale-speciﬁc pattern which is never observed in zebraﬁsh. These results strongly
suggest a control of postembryonic neuromast patterns by underlying dermal structures. This dermal control
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The lateral line system of ﬁsh displays various patterns depending
on the body region and on the species, thus providing an excellent
model for studying morphological diversity in vertebrates (Dijkgraaf,
1963; Coombs et al., 1988; Webb, 1989). Progress has been made
recently in understanding the development of the posterior lateral
line system in zebraﬁsh (reviewed by Ghysen and Dambly-Chaudière,
2007). A placode-derived primordiummigrates caudally and deposits
proneuromasts (Metcalfe, 1985; Gompel et al., 2001). Proneuromasts
integrate into the epidermis and differentiate into neuromasts, which
are composed of sensory hair cells, support cells, and mantle cells.
Each neuromast is innervated by the lateral line nerve, which
comprises sensory axons from the lateral line ganglion cells andaxons from the octavolateralis efferent (Ole) neurons in the
hindbrain, and from the diencephalic efferent (DELL) neurons in the
forebrain (Metcalfe et al., 1985).
Whereas adult lateral line patterns show extensive interspecies
variation, embryonic patterns are highly conserved among teleosts
(Pichon and Ghysen, 2004). The formation of accessory neuromasts
during postembryonic development is one potential source for adult
variability (reviewed by Ghysen and Dambly-Chaudière, 2007). In the
trunk region, each founder neuromast is thought to give rise to
accessory neuromasts through a budding process. Accessory neuro-
masts are arranged in vertical rows, referred to as “stitches” (Ledent,
2002). We showed previously that the lines of neuromasts extending
along the caudal ﬁn are generated through neuromast budding (Wada
et al., 2008). We also showed that wide interspecies variation in
caudal lateral line patterns can be attributed to changes in a small
number of developmental processes, such as neuromast budding and
positioning (Wada et al., 2008).
This study investigates the development of the opercular branch of
the anterior lateral line system, where neuromast budding begins
relatively early indevelopment, around3 dayspostfertilization (dpf). By
using transgenic zebraﬁsh lines that express ﬂuorescent proteins in
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neuromast budding and axonal projections. Development of dermal
bone structures such as the opercle, subopercle, and scales,was found to
be closely correlated to neuromast patterning in a region-speciﬁc
manner. Moreover, we demonstrate that endothelin 1-knockdown,
shown previously to result in abnormal opercle formation (Kimmel
et al., 2003), causes stereotypic errors in budding and positioning of the
opercular neuromasts. Finally, we asked whether the different patterns
observed in different species could be based on differences in speciﬁc
dermal structures. The results suggest a novel role of dermal skeleton in
regulating lateral line patterning during evolution and development in
teleosts.
Materials and methods
Fish stocks
Zebraﬁsh (Danio rerio) isl1:gfp (Higashijima et al., 2000) and
cldnb:gfp (Haas and Gilmour, 2006) transgenic lines, as well as
HGn39D and HG21C enhancer trap lines (Nagayoshi et al., 2008)
were used in this study. The atoh1a:dtomato line was constructed
from zC247L22 BAC and dTomato (Shaner et al., 2004; Kimura et al.,
2006). Themedaka (Oryzias latipes) T5 strain was used (Shimada and
Shima, 2004; Wada et al., 2008). The strains were kept at either
28.5 °C (for zebraﬁsh) or 27 °C (for medaka). Embryos were staged
by days postfertilization (dpf), while larvae were staged by body
length (mm) because size is a better indicator of skeletal develop-
ment in the postembryonic stages (Bird and Mabee, 2003).
Immunohistochemistry and in situ hybridization
Immunohistochemistry was performed according to standard
protocols (Westerﬁeld, 2000), using anti-acetylated α-tubulin anti-Fig. 1. Opercular lateral line system in zebraﬁsh embryos at 4 dpf. (A) Distribution of cranial
indicated by a dotted line. (B) Skeletal elements are visualized by Alcian blue and Alizarin red
Calcein. (C) Staining with anti-acetylated tubulin antibody reveals the nerve projection. The o
the opercular structures. Hm, hyomandibular; ff, facial nerve foramen; do, dilator operculi;
lateral line nerve; nAVop, opercular ramus of the anteroventral lateral line nerve; nOP2, ra
50 μm.body (Sigma, diluted 1:1000) and anti-green ﬂuorescent protein
(GFP) antibody (Molecular Probes, 1:500). Anti-rabbit or anti-mouse
IgG conjugated to Alexa Fluor 488 or 533, respectively (Molecular
Probes, 1:500), or anti-mouse IgG conjugated to peroxidase (Histoﬁne
Simple Stain, Nichirei) was used as secondary antibodies. In situ
hybridization using RNA probes for zebraﬁsh dlx2a, gsc, and medaka
eya1 was performed as described previously (Miller et al., 2000;
Koster et al., 2000), using at least ﬁve embryos in each experiment.
Embryos were usually mounted laterally, slightly to the ventral side,
such that the entire opercle lies in one focal plane (see Fig. 1A). Images
were captured using a dissecting ﬂuorescence microscope (Leica MZ
APO), a differential interference contrast (DIC) microscope (Olympus
BX-51WI) equipped with a CCD camera (Nikon DXM1200F), or under
confocal microscopy (Olympus FV300 or Zeiss LSM510).
Neuromast staining, skeletal staining, and retrograde cell labeling
Neuromast hair cells were labeled by 4-(4-diethylaminostyryl)-N-
methylpyridinium iodide (DiAsp, Sigma) as described previously
(Collazo et al., 1994; Wada et al., 2008). Cartilage was stained with
Alcian blue, and ossiﬁed bone with Alizarin red or Calcein (Wako Pure
Chemical Industries) (Kimmel et al., 2003; Javidan and Schilling,
2004). Retrograde labeling of the nerves was carried out using DiI
(Molecular Probes) as described previously (Higashijima et al., 2000).
Time-lapse microscopy
Video time-lapse recordings were done on a Zeiss Axioplan 2
confocal microscope equipped with water immersion ×40 objective.
3 dpf-larvae were anesthetized and mounted in 0.5% agar in ﬁsh
water. Stacks of 8 planes 3 μmapartwere taken every 12 min. For each
stack, a maximum projection image was obtained from three
consecutive planes. Supplemental Movie S1 took 6 h (30×12 min).neuromasts labeled with DiAsp, showing the outlined opercle (Op) and the operculum
staining. Inset shows a confocal image of the operculum doubly stained with DiAsp and
percle and its associatedmuscles are outlined by dotted lines. (D) Schematic drawing of
ao, adductor operculi; nVII, facial nerve; nAVm, mandibular ramus of the anteroventral
mus projecting to the developing OP2. Lateral views; anterior is to the left. Scale bars:
Fig. 2. OP1 gives rise to OP2 by a budding process. (A–D) Confocal images of embryos
doubly transgenic for cldnb:gfp and atoh1a:dtomato. The stages of the embryos are
indicated in each panel, but the time of OP2 formation varied considerably among
individuals (see text). Arrows indicate the budding structure; small arrowheads
indicate leading processes; large arrowheads indicate the cleavage site. Lateral views;
anterior is to the left. Scale bar: 20 μm.
585H. Wada et al. / Developmental Biology 340 (2010) 583–594Some of the video frames were selected and converted to negative
using Adobe Photoshop software, and shown in Fig. 3.
Labeling of peridermal cells
Peridermal cells were labeled by focal electroporation. 4 dpf-
larvae were anesthetized and mounted in 0.5% agar. A capillary
microelectrode was ﬁlled with 2 µl of 2% anionic tetramethyl-
rhodamin dextrane (Molecular Probes) in water, and attached to a
needle holder with a silver wire long enough to reach the solution at
the tip of the electrode. The ground electrode was a blunt
microelectrode ﬁlled with KCl 0.2 M. The tip of the injecting electrode
was brought into contact with the embryo, taking care not to pierce or
damage the skin. Pulses (3 V, 200 ms) were applied at a rate of 2/s
with a Grass S44 stimulator. One peridermal cell was usually labeled
after a few (3–5) pulses. Larvae were analyzed at 9 dpf with a Leica
TCS SPE confocal microscope.
Gene knockdown
Antisense morpholino oligonucleotides (MO) to neurogenin 1
(ngn1-MO) or endothelin 1 (edn1-MO) were generated by Gene Tools
and injected as described previously (Andermann et al., 2002; López-
Schier and Hudspeth, 2005; Miller and Kimmel, 2001).
Results
Organization of the opercular lateral line system in zebraﬁsh at
4 days postfertilization
The terminology of Schilling and Kimmel (1997) and Raible and
Kruse (2000) has been adopted in the following descriptions. The
cranial neuromasts are stereotypically distributed by 4 dpf in
zebraﬁsh embryos, as revealed by the hair cell marker DiAsp
(Fig. 1A) (Raible and Kruse, 2000). At this stage, the opercular lateral
line comprises a single neuromast, OP1, positioned at the anterior and
ventral edge of the ossiﬁed region of the dermal bone, the opercle
(Op) (Fig. 1B). OP1 is innervated by the opercular ramus of the
anteroventral lateral line (nAVop, Fig. 1C). A ﬁne process, nOP2, exits
the nAVop and extends ventrally to innervate the developing second
neuromast, OP2 (see below). The fan-shaped opercle abuts the
hyomandibular bone (Hm), and it is attached by two muscles: the
dilator operculi (do) and adductor operculi (ao) (Figs. 1B, C) (Schilling
and Kimmel, 1997). Fig. 1D summarizes the opercular structure of
embryonic zebraﬁsh at 4 dpf.
OP2 originates from OP1 by budding and cleavage processes
The second opercular neuromast, OP2, appears anterior and
ventral to OP1. The proportion of embryos showing DiAsp-positive
OP2 was 0% at 3 dpf (n=40), 13.2% at 4 dpf (n=38), 80.8% at 5 dpf
(n=52), and 100% at 6 dpf (n=60). Two transgenic lines were used
to study the formation of OP2 in live embryos: the cldnb:gfp line,
which expresses GFP in neuromast precursor cells (Haas and Gilmour,
2006), and the atoh1a:dtomato strain, generated in our laboratory,
which expresses the red ﬂuorescent protein dTomato in hair cells
(Supplemental Fig. S1). atoh1a is expressed in hair cell precursors
before differentiation (Itoh and Chitnis, 2001). In the atoh1a:dtomato
strain, however, dTomato is expressed only in differentiated hair cells,
thus making this line equivalent to DiAsp staining (Supplemental
Fig. S1). We subsequently obtained a double-transgenic line carrying
cldnb:gfp and atoh1a:dtomato. At 2 dpf, the presumptive OP1
precursor emerged in this line as an aggregate of cells displaying a
radially organized rosette structure, which is morphologically typical
of proneuromasts (Fig. 2A) (Lecaudey et al., 2008; Nechiporuk and
Raible, 2008). At 3 dpf, the number of cldnb:gfp positive cells in OP1had vastly increased, and a stripe of cells extended anteriorly and
ventrally from OP1 (Fig. 2B). The extending cells displayed oriented
processes suggesting that they were migrating away from OP1
(Fig. 2B).
To describe detailed cellular behaviors during this process, we
performed time-lapse observations of cldnb:gfp embryos (Fig. 3;
Supplemental Movie S1). The budding structure was ﬁrst detected as
a couple of elongated cells extending from OP1 (Figs. 3A, B). Some of
these cells became round shaped and underwent cell divisions at a
distal site (Figs. 3C, D). Other cells originated proximally (Fig. 3E)
migrated distally along the elongated cells (Figs. 3F, G), resulting in a
progressive increase in the number of cells in the budding structure
(Fig. 3H). These results clearly demonstrate that the budding process
involves coordinated cellular behaviors including cell elongation,
proliferation, and migration.
Because the time of emergence of OP2 varies, different stages of
development can be observed at 3 dpf (Figs. 2C–D). In some cases, the
bud-like structure started to assume a rosette organization, suggesting
a transformation into proneuromast OP2 (Fig. 2C). Intriguingly, the
cells joining OP1 and its bud seem somewhat different from the
surrounding cells (arrowheads in Fig. 2C). By the time OP2 has
separated from OP1 (Fig. 2D), OP2 cells have lost their elongated
processes, indicating that budding had stopped. These observations
demonstrate that OP2 originates from OP1 by a budding and cleavage
process, similar to the formation of accessory neuromasts on the
caudal ﬁn (Wada et al., 2008).
Innervation is dispensable for neuromast budding
The neuromasts are innervated by sensory and efferent neurons
(Metcalfe et al., 1985). To analyze nerve projections to the newly
formed OP2, we used the HGn39D enhancer trap line (Nagayoshi
Fig. 3. Behaviors of neuromast cells during a budding process. (A–H) Time-lapse observation of 3-dpf cldnb:gfp transgenic embryo. Images were selected from the original movie
(Supplemental Movie S1). (A, B) Two elongated cells are extending from OP1 (indicated by arrows). (C, D) One of these cells becomes round shaped (C, arrowhead) and undergoes a
cell division at a distal site (D, arrowheads). (E–G) A cell migrating distally along the elongated cells is indicated by open arrows. (H) Subsequently, cells are recruited proximally
(open arrowheads). Time after the start of recording is indicated in each panel. The direction of budding is shown to the right. Scale bar: 20 μm.
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(Higashijima et al., 2000), to separately visualize the sensory and
efferent components respectively. At 3 dpf, we observed a sensory
axon extending from the vicinity of OP1 (Fig. 4A) to the budding OP2
cells (Supplemental Fig. S2). At this stage, there was no efferent axon
extending to OP2 (data not shown). At 4 dpf, when OP2 has detached
from OP1 and shows hair cell differentiation, the position where the
OP2 sensory axon exits the nAVop varied among individuals (Fig. 4B;
see Supplemental Fig. S3 for quantiﬁcation). At this time, efferent
axons exited the nAVop and extended toward OP2 (Fig. 4C). In most
cases, the efferent axon terminal appeared pin-like, supporting the
idea that efferent axons follow the afferent axons (Fig. 4C, comparewith
the arbors of sensory terminals shown in Fig. 4B). Acetylatedα-tubulin
staining, which reveals both afferent and efferent axons, conﬁrms that
the two types of ﬁbers form a single fascicle (Fig. 1C).
The nerve to OP2 is markedly thinner than the nerve to OP1
(Fig. 4B). Yet, the efferent ﬁbers innervating the two neuromasts are
of similar thickness (Fig. 4C). This observation suggests that the
sensory axons innervating OP1 and OP2 arise from different neurons,
whereas a single efferent neuron bifurcates to innervate both
neuromasts. To test this idea, we injected DiI into OP1 to retrogradely
label the axons (Figs. 4D, E). We observed that, whenever an efferent
axon extended to OP2, it was labeled by DiI injection into OP1 (n=5,Fig. 4E). In contrast, sensory axons to OP2 were never labeled by DiI
injection into OP1 (n=4, Fig. 4D; we selected for the ﬁgure an embryo
where no efferent axons had reached OP2, so that the absence of
afferent axon labeling can easily be seen). Similarly, most of the 4 dpf
embryos whose OP2 proneuromasts were injected with DiI showed
no labeling in OP1 (5 out of 7 embryos), presumably because the
efferent axons had not reached OP2 in these embryos (Fig. 4F).
Injection of DiI into OP2 at 5 dpf, after efferent innervation had
occurred, labeled OP1 and other neuromasts such as M2 and IO3 (10
out of 13 embryos, Fig. 4G). We conclude that distinct sensory
neurons innervate OP1 and OP2, whereas a single efferent neuron
sends branches to both neuromasts. It follows that the position where
the nOP2 ramus leaves the nAVop is a point of defasciculation for
sensory axons, and of bifurcation for efferent axons (Fig. 4H).
The observation that later-arriving sensory neurons innervate OP2
raised the possibility that nerve projections play an instructive role for
neuromast budding. To test this idea, sensory neurons were deleted
from the scenario by injecting an antisense morpholino oligonucle-
otide (MO) against the neurogenin 1 (ngn1) gene (Andermann et al.,
2002; López-Schier and Hudspeth, 2005). In the absence of sensory
neurons, the efferent axons also failed to extend (Figs. 4I, J),
suggesting that the sensory component acts as pioneer for the
efferent neurons. However, OP1 budded off OP2 normally (Figs. 4I, J),
Fig. 4. Projection of the lateral line nerve to the opercular neuromasts. HGn39D embryos at 3 dpf (A) and 4 dpf (B). Arrows indicate the sensory axon(s) extending to OP2 (nOP2);
arrowheads indicate the point where nOP2 leaves the nAVop. (C) isl1:gfp and atoh1a:dtomato double-transgenic embryo at 4 dpf. (D, E) DiI injection in OP1, in HGn39D (D) and
isl1:gfp (E) embryos at 4 dpf, reveals only efferent axons to OP2. Asterisks indicate the sites of DiI injection. Panels A to E are confocal images. (F, G) OP2 injected with DiI at
4 dpf (F) and 5 dpf (G). The position of OP1 is indicated by a dotted line in F. Several neuromasts (OP1, M2, and IO3) are labeled at 5 dpf (G). Inset in G indicates an octavolateralis
efferent (Ole) neuron in the hindbrain. (H) Schematic drawing of the opercular lateral line projection. gAV, anteroventral lateral line ganglion. (I, J) Neuromast budding occurs
normally in ngn1-MO injected embryos (J) as compared with control embryos (I). Insets show images of the same embryos stained with DiAsp before they were subjected to the
immunohistochemistry. Scale bars: 50 μm.
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neuromast budding.Endothelin 1-knockdown causes stereotypic errors in the
neuromast patterning
The sensory axons innervating OP2 initially leave the nAVop close
to OP1 (Fig. 4A), but their exit point is later found at some distance
from OP1 (Fig. 4B). One simple explanation for this change would be
that OP1 and OP2 progressively move away from their original
positions (and from the original bifurcation point). The operculum is
ﬁrst composed of a dermal bone, the opercle. The opercular epidermis
and peridermis (a monolayer of epithelial cells which covers the
epidermis) are closely associated to the opercle, being separated from
it by only two or three rows of osteoblasts or mesenchymal cells
(Verreijdt et al., 2006). The opercular neuromasts are located in
determined positions relative to the opercle: OP1 is located on the
ventral edge of the ossiﬁed region of the opercle at 4 dpf (Fig. 1B) and
maintains its relative position in later development (Fig. 5A), whereas
OP2 appears ventral to the opercle at 5 dpf (Fig. 5A), and remains
ventral to the much enlarged opercle at later times (see below and
Fig. 7D). The fact that OP1 and OP2 maintain a constant position
relative to the growing opercle suggests a causal correlation. In order
to test whether opercle growth drives themovements of OP1 and OP2,
we analyzed embryos deﬁcient for endothelin 1 (edn1), which
regulates the dorsoventral patterning of hyomandibular structures.
Knockdown of edn1 function results in loss or expansion of the
opercle, and the number of opercular neuromasts correlates with the
severity of opercular disruption in the morphant embryos (Kimmel
et al., 2003). The pattern of neuromasts in these embryos was not
described, however.Most of the embryos injected with 5.0 ng of edn1-MO showed
absent or severely reduced opercle structures, and OP2 was absent
(data not shown, 93%, n=15) (Kimmel et al., 2003). In contrast,
embryos injected with 0.5 ng of edn1-MO showed an expansion of the
opercle along the dorsoventral axis, especially near its joint region to
the hyomandibular bone (Figs. 5B, C) (Kimmel et al., 2003). Amajority
of these embryos possessed two neuromasts which, according to their
innervation, correspond to OP1 and OP2 (Figs. 5B, C, 63%, n=40). A
signiﬁcant proportion of the embryos failed to form OP2, however
(38%, n=40), consistent with previous observations (Kimmel et al.,
2003). Intriguingly, the neuromasts on the enlarged opercle of
morphant embryos displayed stereotypic patterns that differed from
those in control embryos. First, OP1 was located on the dorsal half of
the fan (Figs. 5B, C, see D, E for quantiﬁcation). Second, OP2 was also
located above the opercle, on the ventral half of the fan (83%, n=30,
Figs. 5B, C). Third, OP1 and OP2 were located symmetrically with
respect to the fan midline, although the distance between them
showed considerable variation (Figs. 5B, C, see D, F for quantiﬁcation).
Neuromast positioning correlates with morphogenesis of the opercle
The abnormal location of OP1 relative to the opercle, in edn1
morphant embryos, could be due to ectopic formation of OP1, or to
ectopic formation of the opercle. The expression of dlx2a and gsc genes
deﬁnes cranial neural crest derivatives, which is regulated by the
endothelin-1 signaling pathway (Miller et al., 2000; Nair et al., 2007).
The expression of both genes was severely reduced in morphant
embryos (Supplemental Fig. S4), but the position of OP1 was not
affected, showing that the initial appearance of OP1 does not depend
on the endothelin-1 signaling pathway. Next, we asked whether OP2
forms at an ectopic position in morphant embryos. Using embryos
doubly transgenic for atoh1a:dtomato and cldnb:gfp, we observed that
Fig. 5. Deﬁcient neuromast patterning in endothelin 1-knockdown embryos. (A) Embryo doubly stained with DiAsp and Calcein demonstrate the position of the neuromasts at 5 dpf.
(B, C) Opercle and neuromasts in embryos injected with edn1-MO. The ossiﬁed region of the opercle is outlined, and the opercle midline is indicated by the dotted line. Asterisks
indicate unidentiﬁed neuromasts appearing ectopically. Inset in B shows the same embryo immunostained for acetylated α-tubulin. (D) Schematic drawing for quantiﬁcation of the
neuromast distribution. Positions of the dorsal edge of the opercle (x), OP1 (x1) and OP2 (x2) are measured relative to the line of opercle symmetry (0). Positive or negative values
deﬁne positions dorsal or ventral to the midline, respectively. (E) Position of OP1 relative to the opercle in edn1-MO larvae. The relative position of OP1 is deﬁned as the ratio of x1/x
(expressed as %). (F) Symmetrical distribution of the neuromasts with respect to the midline of the opercle in the morphant embryos. The degree of symmetry is deﬁned as the ratio
of x2/x1. When OP1 and OP2 are located symmetrically with respect to the midline, the degree of symmetry equals−1. Mean±SEM are indicated respectively by the circles and
bars on top of the graph. Scale bar: 50 μm.
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embryos (Fig. 6B, 71 hpf, compare with a control embryo shown in
Fig. 6A, 100 hpf). We also observed, however, that OP2 forms much
earlier in morphant than in control embryos (Figs. 6A, B). The
expression of hair cell markers in OP2 is also more precocious in
morphant embryos: at 78 hpf, 59% of morphant embryos (n=146)
already had DiAsp-positive OP2, vs only 17% in control embryos
(n=92).
The fact that OP1 and OP2 form in normal positions in morphant
embryos raises the possibility that the opercle forms at an aberrant
position, and that later defects in neuromast positioning are due to the
shift in opercle positioning. To test this possibility, we used the
enhancer trap line HG21C, where gfp is integrated into the tcf7 locus
(Figs. 6C, D) (Nagayoshi et al., 2008), to visualize the growing opercle.
tcf7 is a mediator of Wnt signaling that is expressed in osteoblast cells
around the developing opercle (Li et al., 2009). HG21C embryos show
prominent GFP expression along the margin of the opercle “fan”
(Figs. 6C, D), supporting the model that ossiﬁcation of the opercle
mainly proceeds distally (Li et al., 2009). In normal embryos, the
ventral edge of the forming opercle underlies OP1 (Fig. 6C, 76 hpf).
During opercular extension, OP1 and OP2 maintain their positions
relative to the anteroventral edge of the fan (Fig. 6C, 124 and 148 hpf),
and the row of osteoblasts deﬁning the edge of the growing bone
always runs beneath the peridermal region separating these two
neuromasts (Fig. 6C, 124 and 148 hpf). In contrast, in the morphant
embryos, the dorsal half of the forming opercle underlies OP1 (Fig. 6D,
76 hpf), reﬂecting a ventral shift of the opercle relative to OP1. Due to
this ventral shift of the morphant opercle, OP2 now appears above the
ventral half of the opercle, and the two neuromasts end up on either
side of the opercle midline (Fig. 6D, 100 hpf). OP1 and OP2 move
progressively away from the opercle midline during later develop-
ment, thereby keeping a symmetrical arrangement with respect to
this midline (Fig. 6D, 124 and 148 hpf).Despite marked differences in neuromast positioning between
control and morphant embryos, each neuromast remains associated to
the GFP stripe thatmarks the growing edges of the opercle (Figs. 6C, D).
This close association suggests that the movement of the neuromasts
may be related to a displacement of opercular peridermis caused by the
extension of the underlying opercle. To test this, we labeled a single
peridermal cell with a ﬂuorescent dye and traced its fate (Figs. 6E, F; see
below for the formationofOP3). The labeledperidermal cellwasdivided
twice during subsequent development, but the neuromasts maintained
a conserved position relative to the labeled progeny (Fig. 6F). The two
axes for the divisions of the peridermal cell are almost orthogonal to
each other, with one axis parallel to the direction of OP2 budding, and
the other parallel to the direction of OP3 budding (Fig. 6F, the direction
of OP3 budding is correlated to the extending subopercle; see below).
These results suggest that the opercular peridermis extends to
accommodate the growth of the underlying dermal structures and
that, the neuromasts being anchored into the peridermis, their position
reveals peridermal growth. Thus, biased growth of the peridermal sheet
away from the opercle midline, may account for the different patterns
observed in normal embryos,where OP1 andOP2move together, and in
morphant embryos, where they move apart from each other (Fig. 6G).
Serial budding by OP2 is associated with the development of the
subopercle bone
The second bone of the opercular series, the subopercle (Sop), can
be detected when larvae reach around 5.0 mm. The subopercle
becomes ossiﬁed ﬁrst in a region just ventral to the opercle (Fig. 7A)
(Verreijdt et al., 2006), then ossiﬁcation extends posteriorly (Fig. 7B).
OP2 buds off a new neuromast, OP3, along the extending subopercle
(Figs. 7A, B, see also Fig. 6F). OP3 is innervated by a nerve branch
projecting from the base of OP2 (Fig. 6C), reminiscent of the OP2
innervation by a branch projecting from near OP1 (Fig. 4A). OP3 then
Fig. 6.Morphogenesis of the opercle correlates with neuromast patterning. (A–D) Time-course observations of control (A, C) and edn1-MO injected (B, D) embryos doubly transgenic
for atoh1a:dtomato and cldnb:gfp (A, B), or HG21C (C, D). In morphant embryos, OP2 forms earlier than in control embryos (A, B). In control embryos, both OP1 and OP2 are located
ventral to the opercle midline (C). In contrast, in morphant embryos, OP1 is located on the dorsal half of the opercle and moves away from OP2, which is located on the ventral
opercle (D). Arrowheads and arrows indicate OP1 and OP2, respectively. (E, F) Single peridermal cell was labeled with rhodomine-dextrane and traced its fate, showing proliferation
of peridermal cells relative to the neuromasts. (G) Schematic drawings of the developing opercular lateral line system in control and morphant embryo. The stage of the embryo is
indicated in each panel. Scale bars: 50 μm.
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subopercle extension (Figs. 7D, E). Next, as OP4 itself sends off a new
neuromast, OP5, posteriorly, OP2 buds off a new neuromast
anteriorly, OP2-1 (Fig. 7F). The budding process to form these
neuromasts along the growing subopercle is similar to that of OP1/
OP2 as described in Fig. 2 (Figs. 7F, F′). Together, these ﬁndings
suggest that the formation and patterning of accessory neuromasts
are associated with the morphogenesis of the underlying dermal
structures.Neuromast budding generates the pedigree-like architecture of the
lateral line
The opercle grows rather isometrically during the juvenile to adult
stages, and continues to grow throughout life (Kimmel et al., 2005). In
adult zebraﬁsh, a line of neuromasts is distributed along the posterior
margin of the operculum (Webb and Shirey, 2003). In juvenile
zebraﬁsh, new neuromasts continuously intercalate between pre-
existing neuromasts (Figs. 8A, A′). To determine the age of a
neuromast we used the isl1:gfp line, where GFP expression is found
only in “old” neuromasts (Wada et al., 2008). Newly differentiated
neuromasts, which do not express GFP, were always innervated by
branches of the nerve that innervates the adjacent, GFP-expressing,
mature neuromast (Figs. 8B–D). This observation suggests that new
neuromasts originate from an adjacent, pre-existing neuromasts.
Whereas the nerve projecting to newly born neuromasts extends
from near the mother neuromast (Fig. 8B), nerves projecting to larger
neuromasts bifurcate at a variable distance from the base of the
founder neuromast (Figs. 8C, D). These results are reminiscent of the
nOP1/nOP2 bifurcation moving away from the founder OP1 neuro-
mast during larval development (Figs. 4A, B, see also Fig. 6G). Thus,
nerve bifurcations seem to indicate the positions of neuromast
budding during opercular development (Figs. 8A, A′). In other
words, the serial budding and subsequent movements of theneuromasts generate the pedigree-like pattern of innervation of the
opercular lateral line.
Interestingly, a similar pattern was observed in the trunk region.
The vertical array of neuromasts in each stitch forms by serial budding
of a founder neuromast (Ledent, 2002, conﬁrmed here using the
cldnb:gfp line, Fig. 8E). As described above for opercular neuromast
patterning, newborn neuromasts of the stitch appeared between
extant neuromasts, andwere innervated by nerve branches extending
from the bases of the presumptive mother neuromasts (Figs. 8F–F″).
These results suggest that the pedigree-like architecture of stitches
also forms through neuromast budding and subsequent displacement
during postembryonic development.
Neuromast numbers on the subopercle is closely correlated to
body length (r=0.97, Fig. 8G). The average interval between
neuromasts is 101±30.9 μm (n=204; 8 young adults with body
length of 17.2–22.0 mm were observed, Fig. 8H), whereas that
between newborn and mother neuromasts is 61.7±9.23 μm
(n=27; Fig. 8H). This difference suggests that new neuromasts
progressively move away from their mother as they mature. The
lower limit of the distance between adjacent neuromasts (40 µm)
reﬂects the fact that hair cells become to DiAsp-positive long after
budding. The distance betweenOP1 and OP2 is also about 50 μmwhen
OP2 becomes DiAsp-positive (Fig. 5A).
Since neuromasts continuously drift apart from each other, due to
overall growth of the adult ﬁsh, one would expect the average
distance between adjacent neuromasts to increase progressively. This
is not the case, however: the distance remains close to 100 µm at all
times, suggesting that new neuromasts continually intercalate
between extant ones. We also asked whether the direction of
accessory neuromast budding is determined in adult ﬁsh. About half
of the neuromasts (59%, in 37 cases from 8 young adults with body
length of 17.2–22.0 mm) sent their daughters to the posterior and
dorsal regions, while the remaining neuromasts (41%) sent their
daughters in the opposite direction. This indicates that the direction
of budding is probably not predetermined in adult opercular
Fig. 7. Development of the neuromast series on the subopercle. (A, B) Formation of OP3 along the extending subopercle visualized by staining with DiAsp and Calcein. Arrowhead
indicates the subopercle. Body length of the larva is indicated in each panel. (C) Embryo immunostained for acetylated α-tubulin showing OP3 innervated by a nerve extending from
OP2 (arrowhead). Neuromast positions are indicated by dotted circles. (D) Formation of OP4. Opercular bones are outlined. Hm, hyomandibular; Pop, preopercle; Iop, interopercle.
Arrows indicate unidentiﬁed neuromasts in irregular positions on the opercle. (E) The same larva shown in D was stained with Alcian blue and Alizarin red. (F) Confocal image of a
cldnb:gfp larva stained with DiAsp. (F′) Higher magniﬁcation of the boxed region in F, showing a budding structure (arrows). Arrowheads indicate the leading processes. Scale bars:
50 μm.
590 H. Wada et al. / Developmental Biology 340 (2010) 583–594development. However, the caudal-most neuromast always formed
new neuromasts posteriorly (100%, n=16).
Differences in dermal structures may generate species-speciﬁc
differences in postembryonic lateral line patterns
The neuromast patterns of adult ﬁsh display considerable variation
depending on the body region and on the species (Dijkgraaf, 1963;
Coombs et al., 1988; Webb 1989; Wada et al., 2008). However, the
embryonic patterns of neuromast distribution are highly conserved
among species (Sapède et al., 2002; Pichon and Ghysen, 2004). We
examined the development of the opercular pattern in another model
ﬁsh species, the medaka (Oryzias latipes). The embryonic pattern of
the opercular line is similar in 9-dpf medaka and in 4-dpf zebraﬁsh
larvae (Fig. 9A). Medaka embryos show only one neuromast, OP1,located above the opercle, although the subopercle already shows
ossiﬁcation by the time OP1 hair cells are differentiating (Fig. 9A).
Taking advantage of the expression of eya1 during neuromast
budding, we observed that OP1 had already extended a budding
projection at this stage (inset in Fig. 9A) (Wada et al., 2008).When the
larva reached about 5.0 mm, hair cells started to differentiate in OP2
on the subopercle (Fig. 9B). In contrast to the serial budding of
subopercular neuromasts in zebraﬁsh (Fig. 7), OP1 and OP2 inmedaka
remain single until the juvenile stage (data not shown). Only in the
adult stage do OP1 and OP2 give rise to a small number of accessory
neuromasts. The pattern of these accessory neuromasts is, however,
completely different from what we saw in zebraﬁsh: they form two
tight clusters above the opercle and subopercle, respectively (Fig. 9C).
When medaka larvae reach approximately 7.0 mm, scales develop
between the epidermis and the opercular bone complex, from dorsal
Fig. 8. Development of the pedigree-like architecture of the opercular lateral line. (A) isl1:gfp juvenile ﬁsh stainedwith anti-GFP and anti-acetylatedα-tubulin antibodies. (A′) Schematic
drawing of the lateral line architecture. Arrowheads indicate newborn neuromasts; arrows indicate the bifurcation points left behind by moving neuromasts; dotted lines indicate the
boundary betweenopercle and subopercle. (B–D)Highermagniﬁcations of the boxed regions inA. Arrowheads indicate the nerve extending from themother neuromasts; arrows indicate
bifurcations of the nerve. (E) Stitch formation on a body scale. Arrow indicates the budding structure. (F) isl1:gfp juvenile ﬁsh stained with DiAsp. Arrowheads indicate newborn
neuromasts. (F′) The same imagewas converted to negative andmonochrome to show the axonal trajectories retrogradely labeled with DiAsp. (F″) Schematic drawing of the innervation
pattern in F′. Arrows indicate the nerve innervating the newborn neuromasts. (G) The number of DiAsp-positive neuromasts on the subopercle increases during postembryonic
development. (H)Quantiﬁcation of interval length between adjacentDiAsp-positive neuromasts. Intervals between newly born neuromasts and theirmother neuromasts are indicated by
gray bars. Mean±SEM are indicated respectively by the circles and bars on top of the graph. Scale bars: 50 μm.
591H. Wada et al. / Developmental Biology 340 (2010) 583–594to ventral (Supplemental Fig. S5). Juvenile and adult ﬁsh show 7–10
scales covering the opercle and subopercle (8.6±0.79, n=16, range
9.2–23.0 mm; Figs. 9D, E). The scales are irregular and variable in
shape, and their pattern is unrelated to the boundary between opercleand subopercle (Figs. 9D, E, see also Supplemental Fig. S5). The OP1
and OP2 stitches occupy constant positions relative to the scale
pattern, however: they are always found near the center of a scale,
just posterior to the caudal edge of the anteriorly covering scales
Fig. 9. Lateral line patterning in medaka. (A) 9-dpf medaka larva doubly stained with DiAsp and Calcein. Opercle is outlined by a dotted line; subopercle is indicated by arrowheads.
Inset indicates a sample labeled with the eya1 RNA probe, showing a budding structure (arrowhead). (B) OP2 started to differentiate hair cells when the larvae reached
approximately 5.0 mm. Inset indicates immunostaining for acetylated α-tubulin in the same embryo, arrowhead shows the origin of the nerve to OP2. (C) Adult phenotype showing
two clusters of neuromasts derived from OP1 and OP2. Boundary between the opercle and subopercle is indicated by a dotted line. Inset indicates a sample stained with Alcian blue
and Alizarin red. (D) Adult operculum doubly stained with DiAsp and Calcein. (E) Image of the same sample under transmitted light microscopy. Neuromast positions are indicated
by brackets. The dotted line shows the ventral edge of the opercle, arrowheads indicate the dorsal edge of the subopercle. (F) Stitch formation on body scales stained with DiAsp and
Calcein. Scale bars: 50 μm.
592 H. Wada et al. / Developmental Biology 340 (2010) 583–594(Figs. 9D, E). This is also the case for stitches on body scales (Fig. 9F).
This result suggests that once scales have formed, they determine or
constrain the position and budding of neuromasts. In subsequent
stages, neuromast budding is clearly a function of scale growth, and
not a function of absolute position anymore.
Discussion
Accessory neuromast formation by budding of the
pre-existing neuromasts
On the trunk and caudal ﬁn of zebraﬁsh, addition of accessory
neuromasts takes place only after the juvenile stage, when the ﬁsh
reaches approximately 8.0 mm (Ledent, 2002; Wada et al., 2008).
However, the present study reveals that OP1 buds off OP2 by 5 dpf. By
taking advantage of this fact, we could demonstrate novel behaviors
of neuromast cells during the budding process. First, the mother
neuromasts extend elongated cells in a speciﬁed direction. Second,
these cells undergo cell divisions at a distal site. Third, additional cells
are recruited in the proximal region, andmigrate distally to join to thecell cluster. Fourth, the budding structure forms a rosette and loses its
migratory activities. Finally, the cells linking mother and daughter
neuromasts disappear. Some aspects of the budding process recapit-
ulate the events that took place during embryonic development,
where the cells of the migrating primordium extend processes
caudally (Haas and Gilmour, 2006), become progressively organized
in rosette structures, and eventually stop migrating (Lecaudey et al.,
2008; Nechiporuk and Raible, 2008). The ﬁrst and third steps of the
budding process – elongation of cells and recruitment of additional
cells – are not involved in the embryonic development. These two
steps are present in other cases of migration, however. In Drosophila,
glial chain migration along a wing nerve has been shown to involve
the migration of a few (2–4) pioneer glial cells that leave a long
process behind them. Follower glial cells then migrate along this
process. Ablation of the pioneers stops glial chain migration
altogether (Aigouy et al., 2008). In vertebrates, the migration of
GnRH (gonadotropin hormone-releasing hormone) neurons from the
olfactory placode to the hypothalamus is thought to begin with the
extension of axons by some of the neurons, which then serve as guides
for other neurons (Palevitch et al., 2009; Abraham et al., 2010). The
Fig. 10. Model for development of the diverse lateral line architectures. Schematic
representation of thedeveloping lateral line systemindifferent regions: theoperculum(A),
the scale (B), and the caudal ﬁn (C). T, terminal neuromast; C, caudal neuromast.
593H. Wada et al. / Developmental Biology 340 (2010) 583–594mechanisms underlying this particular type of migration are not
known, however, and neuromast budding may be a good system to
investigate this question.
We followed axonal behavior during the budding process. The
results indicate that late developing sensory neurons are attracted by
the budding structures, although we could not exclude the possibility
that a transient side branch from earlier neurons projecting to the OP1
may play a pioneer role for later-forming sensory neurons. There are
two populations of hair cells with opposite polarities within each
neuromast, and each sensory axon speciﬁcally recognizes hair cells of
a given polarity (Nagiel et al., 2008; Faucherre et al., 2009). Thus,
during accessory neuromast formation, at least two sensory axons
should project to the daughter neuromast. Indeed, we detected two
axons that followed the budding in several cases (Fig. 8B). It would be
interesting to ascertain how later-forming axons are attracted by the
budding structures, and how the efferent axon extends a side branch
in association with the pioneering sensory axons.
It also remains to be addressed whether later-forming accessory
neuromasts are also innervated by new sensory neurons, different
from those that innervate theirmother neuromast. In the case of stitch
formation on body scales, the same set of axons appears to branch
repeatedly to innervate multiple neuromasts (Ledent, 2002). Similarly,
the terminal neuromasts on the embryonic tail are innervated by the
same set of neurons (Faucherre et al., 2009). Thus, it is possible that
this independent sensory innervation may be unique to OP1/OP2,
and related to the early time at which this particular budding process
takes place.
Biased growth of the underlying dermal structures may regulate lateral
line patterning
We demonstrated that ill-positioning of the opercle with respect
to the peridermis in the edn1 knockdown embryos affects the
patterning of opercular neuromasts. The distal expansion of the
underlying opercle (Figs. 6C, D) may cause a corresponding dis-
placement of the peridermis away from the fan midline (Figs. 6E, F),
both in normal and morphant embryos. In normal embryos, both OP1
and OP2 are located ventral to the opercle midline, and move
ventrally away from the opercular midline (Fig. 6C). In contrast, in
morphant embryos, OP1 is located on the dorsal opercle and moves
away from OP2, which is located on the ventral opercle (Fig. 6D),
resulting in their symmetrical distribution with respect to the fan
midline. We also observed that budding and differentiation of OP2 are
signiﬁcantly accelerated in morphant embryos (Figs. 6A, B), suggest-
ing that the time of OP2 budding may also be altered by the ill-
positioning of the opercle. Except for its precociousness, the formation
of OP2 in the morphant is essentially identical to its formation in the
wild-type (Figs. 6A, B). Precocious OP2 development is independent
of later patterning defects.
Patterning of neuromasts is also correlated to dermal bone mor-
phogenesis in the subopercular region and on scales (Figs. 7 and 8).
Moreover, in medaka, the formation of accessory neuromasts by OP1
and OP2 is constrained by the scales that develop between the
epidermis and the opercular bones (Fig. 9). It appears, therefore, that
the scales on the medaka operculum determine neuromast patterning
much like the scales on the body of medaka and zebraﬁsh determine
the architecture of stitches on the body surface. Based on these results,
we suggest that the formation of underlying dermal bones may be
essential for proper patterning of the lateral line during postembryonic
development in ﬁsh.
We propose a model to account for the diverse architectures of the
lateral line system (Fig. 10). In the case of the biased extension of the
underlying dermal structures, such as in early development of the
operculum, the neuromasts bud off new neuromasts in predeter-
mined directions (Fig. 10A). However, in the case of later develop-
ment of the operculum, or during scale development, the dermalstructures grow isometrically and expand as a whole, resulting in
increasing distances between existing neuromasts. In such cases,
extant neuromasts send off new neuromasts towards the enlarged
interneuromast spaces in a bidirectional manner (Figs. 10A, B). The
differences between biased and isometric growth of the underlying
structures would be sufﬁcient to account for the corresponding
differences in lateral line architecture between early and late
opercular, and scale pattern (Figs. 10A, B). Our previous study showed
that the lines of neuromasts on the caudal ﬁn are also generated by
serial budding followed by neuromast migration (Fig. 10C) (Wada
et al., 2008). In the caudal ﬁn, however, the dermal structures of ﬁn
ray segments encompassing the caudal neuromasts extend only by
distal addition (reviewed by Iovine, 2007). Thus, the unidirectional
budding of caudal neuromasts is entirely consistent with the notion
that neuromast budding is controlled by the directional growth of the
associated dermal structures (Fig. 10C).
Amajor feature of ourmodel is that budding is triggered whenever
the closest neuromast reaches some critical distance. This idea is
based on the observation that the average distance between two
neuromasts remains similar even though the tissue continuously
expands. This result is remarkably similar to the observations of V. B.
Wigglesworth (1940) about the formation of new sense organs in the
insect, Rhodnius. He showed that new, intercalary organs form
whenever the distance between extant organs increases beyond
some threshold, such that the average distance remains constant in
spite of large increases in tissue size. He proposed that this pattern is
established by a mechanism of lateral inhibition, where the presence
of a sense organ would inhibit the formation of a new sense organ
within a threshold distance. A similar mechanism would obviously
account for the properties of the opercular line, and of stitches on the
body scales. Further, we noted that, even though the direction of
budding is not predetermined in adult opercular development, the
caudal-most neuromasts always form new neuromasts posteriorly.
This is exactly what would be predicted by a Wigglesworth type of
mechanism, because the absence of a neuromast distal to the most
posterior one implies that there is no inhibitory effect coming from
that direction.
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the teleost species
This study proposes a mechanism by which different lateral line
architectures in teleost ﬁsh may depend on changes in the underlying
dermal structures. The hyomandibular skeleton shows considerable
diversity among teleost species depending on behaviors such as
breathing and feeding (reviewed by Kimmel et al., 2007). Closely
related species may therefore have differently shaped opercles
reﬂecting their ecology (Kimmel et al., 2005). Similarly, many
behavioral and ecological factors correlate with various lateral line
patterns, but little is known about the evolutionary and functional
signiﬁcance of this variation (Dijkgraaf, 1963; Coombs et al., 1988;
Webb, 1989; Wada et al., 2008). Our results establish the opercular
lateral line as a new model system for studies of evolution and
development. This model could be used to address the question of
whether and to what extent diverse lateral line patterns are adaptive
morphologies, or reﬂect developmental constraints resulting from the
diverse patterns of dermal bone morphogenesis.
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